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Oligosaccharyltransferase (OST) is a membrane-
bound enzyme that catalyzes the transfer of an
oligosaccharide to an asparagine residue in glyco-
proteins. It possesses a binding pocket that recog-
nizes Ser and Thr residues at the +2 position in
the N-glycosylation consensus, Asn-X-Ser/Thr. We
determined the crystal structures of the C-terminal
globular domains of the catalytic subunits of two
archaeal OSTs. A comparison with previously deter-
mined structures identified a segment with remark-
able conformational plasticity, induced by crystal
contact effects. We characterized its dynamic prop-
erties in solution by 15N NMR relaxation analyses.
Intriguingly, the mobile region contains the +2 Ser/
Thr-binding pocket. In agreement, the flexibility
restriction forced by an engineered disulfide cross-
link abolished the enzymatic activity, and its cleav-
age fully restored activity. These results suggest
the necessity of multiple conformational states in
the reaction. The dynamic nature of the Ser/Thr
pocket could facilitate the efficient scanning of
N-glycosylation sequons along nascent polypeptide
chains.
INTRODUCTION
Asparagine-linked glycosylation (N-glycosylation) of proteins is
a covalent modification that ubiquitously occurs in eukaryotes
and archaea, and in some eubacteria (Calo et al., 2010; Yan
and Lennarz, 2005). Oligosaccharyltransferase (OST) catalyzes
the transfer of an oligosaccharide chain from lipid-linked oligo-
saccharide (LLO) donors to the asparagine residue in the con-
sensus sequence Asn-X-Ser/Thr, where X is a nonproline residue32 Structure 21, 32–41, January 8, 2013 ª2013 Elsevier Ltd All rights(Apweiler et al., 1999; Petrescu et al., 2004). The biochemical
properties have been widely studied for the human, yeast, and
kinetoplastid OSTs in eukaryotes, the Haloferax and Pyrococcus
OSTs in archaea, and the Campylobacter OSTs in eubacteria
(Dell et al., 2010; Larkin and Imperiali, 2011; Schwarz and Aebi,
2011). The eukaryotic OST is a protein complex consisting of
eight different membrane protein subunits (Knauer and Lehle,
1999;Mohorko et al., 2011), and among them, STT3 (staurospor-
ine and temperature-sensitive 3) possesses the catalytic center
(Yan and Lennarz, 2002). In contrast, the OSTs of lower eukary-
otes, archaea, and eubacteria are single-subunit enzymes con-
sisting of a polypeptide homologous to STT3 (Calo et al., 2010;
Kelleher andGilmore, 2006; Schwarz and Aebi, 2011). The equiv-
alent proteins to STT3 are AglB (archaeal glycosylation B) in
archaea and PglB (protein glycosylation B) in eubacteria.
The primary sequences (600–1,000 residues) of the STT3/
AglB/PglB proteins share a common architecture (Jaffee and Im-
periali, 2011; Kim et al., 2005; Li et al., 2010). There is amultispan
transmembrane region in the N-terminal half of the primary
sequence, and the C-terminal half forms a soluble, globular
domain. The STT3 proteins share more than 40% sequence
identity, consistent with the essential requirement of N-glycosyl-
ation in eukaryotes. In contrast, the STT3 proteins exhibit limited
sequence identity with the AglB and PglB proteins, typically less
than 20%, reflecting the important but nonessential roles of N-
glycosylation in archaea and eubacteria (Nothaft et al., 2010).
The sequence diversity among the three domains of life high-
lights the need for individual studies of the STT3/AglB/PglB
proteins. Comparative studies of distantly related proteins often
yield unexpected discoveries, as shown in the present study.
Multiple STT3/AglB/PglB proteins may be encoded in a single
genome (Magidovich and Eichler, 2009; Schwarz and Aebi,
2011). The vertebrate, insect, and plant genomes contain two
STT3 genes, designated as STT3A and STT3B, which define
distinct OST isoforms, whereas the yeast genome contains
a single STT3 gene. Multiple paralogous AglB proteins also exist.
As exemplified by the AglBs referred to in this study, Pyrococcus
furiosus and Pyrococcus horikoshii contain two paralogs of AglB,reserved
Table 1. Data Collection, Phasing, and Refinement Statistics
P. horikoshii AglB-L A. fulgidus AglB-S2
Data Collection Statistics
Beamline PF BL-17A PF BL-17A
Wavelength (A˚) 0.9800 0.9788
Oscillation range () 180 170
Space group P212121 P31
Cell parameters (A˚) a = 83.47,
b = 94.84,
c = 186.35
a = b = 111.21,
c = 36.71
No. of molecules in AU 2 3
Resolution range (A˚)a 40.0–2.7 (2.75–2.7) 50.0–1.94 (1.97–1.94)
No. of observed
reflections
282,413 201,663
No. of unique reflections 41,657 37,593
Completeness (%)a 99.33 (89.8) 100.0 (100.0)
Rmerge(I)
a,b 0.064 (0.294) 0.097 (0.465)
I/s(I) 22.8 (4.0) 28.1 (4.7)
Refinement Statistics
Resolution range (A˚) 30–2.70 36.4–1.94
No. of protein atoms 7,852 3,844
No. of water/ion
molecules
80/4 367/3
R/Rfree 0.171/0.214 0.188/0.219
Rmsd from ideality
Bond lengths (A˚) 0.011 0.005
Angles () 1.494 1.10
Ramachandran plot (%)c
Favored region 96.0 97.6
Allowed region 3.8 2.4
Outlier region 2 0
aValues in parentheses refer to the outer shell.
bRmerge(I) = (SSjIi  <I>j)/SSIi, where Ii is the intensity of the ith observa-
tion, and <I> is the mean intensity.
cCalculated using the program RAMPAGE.
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discriminate among these archaeal paralogs with a letter plus
an optional number, such as L (long) or S1 (short, number 1). In
contrast, all eubacteria, for example in this report, Campylo-
bacter jejuni and Campylobacter lari, contain one PglB protein.
We emphasize here that comparative studies between paralo-
gous proteins within the same species are also as productive
as interspecies comparative studies.
Recently, the crystal structure of full-length C. lari PglB in
complex with an acceptor peptide at 3.4 A˚ resolution was re-
ported by Lizak et al. (2011). This epochal structure revealed
several important features of the OST/PglB enzyme, including
the (1) spatial arrangement of the 13 transmembrane helices,
(2) catalytically important acidic amino acid residues and the
divalent metal ion in the transmembrane region, (3) putative
amide nitrogen activation mechanism of the acceptor Asn
residue, and (4) binding pocket that recognizes Ser/Thr residues
at the +2 position in the N-glycosylation sequon. The +2 Ser/Thr
pocket resides in the C-terminal globular domain and consists of
the invariant Trp-Trp-Asp part of the conserved WWDYG motif
and the second signature residue, Ile, of the MI motif in the
PglB protein. Based on the structure-aided multiple sequence
alignment, we classified the STT3/AglB/PglB proteins into two
groups (Matsumoto et al., 2012). All PglB and some AglB
proteins contain the MI motif, whereas all STT3 and the remain-
ing AglB proteins contain the DKmotif or its variant containing an
insertion. The DK motif is located at the position structurally
equivalent to the MI motif. Thus, there are two types of +2 Ser/
Thr pockets: the Lys type, and the Ile type, according to the
second signature residue in the DK/MI motif. Interestingly, the
multiple STT3/AglB paralogous proteins in one genome always
have the same type of Ser/Thr pocket.
We previously determined the crystal structures of the
C-terminal globular domains of P. furiosus AglB-L (Igura et al.,
2008), A. fulgidus AglB-S1 (Matsumoto et al., 2012), andC. jejuni
PglB (Maita et al., 2010). The latter structure was used as
a search model for molecular replacement in the structure deter-
mination of the full-length C. lari PglB (Lizak et al., 2011). The
comparison of the crystal structures unexpectedly revealed
significant local variations in the conformations of about 25-
residue segments in the C-terminal globular domains (Maita
et al., 2010; Matsumoto et al., 2012). Although we attributed
the observed conformational plasticity to the crystal contact
effects, we could not reject the possibility of the phenomenon
being caused by the striking differences in the amino acid
sequences. In contrast, the two Campylobacter PglB structures
adopted the same conformation in the corresponding segments,
but we could not claim that it represented the natural conforma-
tion free from the crystal contact effects because of the high
sequence identity between them.
In this study, we have determined two more crystal structures
of the C-terminal globular domains of archaeal OSTs, in order to
provide the missing information for the aforementioned compar-
ison. The one-to-one structural comparison of the six crystal
structures indicated that the C-terminal globular domains of
the AglB/PglB proteins contained a special plastic segment
and identified the resting state conformation of the plastic seg-
ment, free of crystal contact effects. We performed NMR relax-
ation analysis to characterize the dynamic nature of the segmentStructure 21in solution. We designed special disulfide bond-containing
mutants to demonstrate the essential role of the dynamic nature
in the enzymatic activity. Together, these results provided a
unique route for detection and characterization, as well as
insights into the role of the internal protein dynamics in the
OST enzymes, which play a central role in the biosynthesis of
N-glycoproteins.
RESULTS
Overall Structures of the C-Terminal Globular Domains
of P. horikoshii AglB-L and A. fulgidus AglB-S2
Among the catalytic subunits of OSTs, P. horikoshiiAglB-L is one
of the largest, and A. fulgidus AglB-S2 is one of the smallest, in
the three domains of life (Matsumoto et al., 2012). We deter-
mined the crystal structures of the C-terminal globular domains
of P. horikoshii AglB-L and A. fulgidus AglB-S2 at 2.7 and
1.94 A˚ resolutions, respectively (Table 1). The C-terminal domain
of the Pyrococcus structure consists of four structural units,, 32–41, January 8, 2013 ª2013 Elsevier Ltd All rights reserved 33
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Figure 1. Crystal Structures of the C-terminal Domains of Two
Archaeal AglB Proteins and Structural Comparison with a Eubacte-
rial PglB Protein
(A) Overall structure of the C-terminal domain of P. horikoshii AglB-L. The
domain organization is schematically shown. The transmembrane (TM) region,
which was not included in the structure determination, is outlined in gray.
(B) Overall structure of the C-terminal domain of A. fulgidus AglB-S2. The
C-terminal domain consists of the CC structural unit alone.
(C) Overall protein architectures of the AglB/PglB proteins. The full-length PglB
structure from C. lari (left; PDB, 3RCE) consists of the N-terminal (N) TM region
and the C-terminal (C) globular domain. The TM region contains the external
loop 5 (purple), which was assumed to be involved in the enzymatic function.
The C-terminal domain consists of the CC (pale cyan) and IS (green) structural
units. The C-terminal domains from A. fulgidus AglB-S2 (center) and P. hori-
koshii AglB-L (right) were aligned with that of C. lari PglB. The undetermined
structures of the TM regions of the two archaeal AglBs are schematically de-
picted as bundles of gray rectangles. The horizontal lines indicate the hypo-
thetical position of the membranes.
(D) Close-up stereo view of the active site (blue box, in C). The EL5 loop is
omitted for clarity. The bound peptide (yellow tube) contains an acceptor Asn
side chain and a Thr side chain at the +2 position. Hydrogen bonds (dashed
black lines) and interactions with a divalent metal cation (green ball) were re-
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34 Structure 21, 32–41, January 8, 2013 ª2013 Elsevier Ltd All rightscalled CC (central core), IS (insertion), P1 (peripheral 1), and P2
(peripheral 2), whereas that of the Archaeoglobus structure
comprises only the CC structural unit (Figures 1A and 1B). The
CC unit mainly consists of a helices. The IS unit is an antiparallel
b barrel-like structure inserted into the CC unit. The P1 and P2
form peripheral structures, mainly consisting of b strands, and
surround the CC unit. The spatial orientation of the C-terminal
globular domains relative to the lipid membranes was modeled
on the full-length structure of C. lari PglB as a template (Fig-
ure 1C). Obviously, the IS, P1, and P2 structural units in the
PhAlgB-L structure, as well as the IS unit in C. lari PglB, do not
undergo severe steric hindrance to the lipid membranes.
We compared the newly determined structures with the
previous structures of the C-terminal domain: one orthologous
protein from the same genus Pyrococcus (Igura et al., 2008),
and one paralogous protein from the same species A. fulgidus
(Matsumoto et al., 2012). Reflecting the high sequence identities,
approximately 70%, the overall structures superimposed well in
each pair (Figures 2A and 2B). However, a closer examination of
the structures revealed significant local conformational differ-
ences in the CC structural unit. The region that exhibits large
plasticity includes the WWDYG motif (yellow side chains) and
the following a-helical and loop regions (pink backbones) (Fig-
ures 2A and 2B). Although the first Trp residue of the WWDYG
motif occupies equivalent positions with the same side-chain
orientation, the second Trp residue, marked by asterisks, adopts
totally different side-chain orientations in each pair. The same
phenomenon occurs for the side chains of the Asp and Tyr resi-
dues in the WWDYG motif. Such large conformational differ-
ences between highly homologous proteins are rarely observed.
One rational explanation is a crystallographic artifact due to
the molecular contacts between neighboring molecules in the
crystal lattice. In fact, direct intermolecular interactions were
identified in these crystals (Figures S1A–S1C available online).
Conformation of the Turn-Helix-Loop Segment Free
from the Crystal Contact Effects
For convenience, we refer to the plastic region as the ‘‘Turn-
Helix-Loop’’ (THL) segment hereafter. The THL segment con-
sists of a turn structure including the WWDYG motif, the
following a helix, and a loop structure. This loop most likely inter-
acts with the innermost monosaccharide residue of the N-glycan
moiety of the substrate LLOs (Lizak et al., 2011). We searched for
a method to find an undisturbed conformation of the THL
segment, free from the crystal contact effects. One possible
method is to collect many crystal structures of homologous
proteins and then identify an isomorphic pair. In all possible
combinations of the available AglB/PglB structures, the A. fulgi-
dus AglB-S2 structure determined in this study has the same
THL segment conformation as that in theC. jejuni PglB structure,
even though they only share 19% sequence identity (Figure 2C).
This is clearly exemplified by the same side-chain orientation of
the second Trp residue in the WWDYG motif. In addition, the
conformation of the THL segment in the structure of the C. jejunigarded as a possible mechanism for amide nitrogen activation of the Asn side
chain (Lizak et al., 2011). The side chain of the +2 Thr residue is recognized by
a binding pocket, formed by the Trp-Trp-Asp segment (magenta side chains)
of the WWDYG motif and Ile (orange side chain) of the DK/MI motif.
reserved
*B
A PhAglB-L vs PfAglB-L (seq identity 69%)
* * *
* ** *
* *
C
D
AfAglB-S2 vs AfAglB-S1 (seq identity 68%)
AfAglB-S2 vs CjPglB (seq identity 19%)
CjPglB vs ClPglB (seq identity 52%)
Ser/Thr pocket
Figure 2. Structural Comparison of the C-terminal Domains of the
AglB and PglB Proteins for Identification of the Crystal Contact-
Free Conformation
(A) Stereo view of superimposition of the P. horikoshii AglB-L and the P. fur-
iosus AglB-L structures. The root-mean-square deviation (rmsd) of the struc-
tural superposition is 0.99 A˚ over 470 aligned Ca atoms. The CC structural
units are highlighted in the overall transparent structures. The THL segment ( =
turn + a helix + loop) is colored pink, and the kinked helix bearing the DK motif
is light brown. The side chains of the Trp-Trp-Asp part of theWWDYGmotif are
colored yellow and that of the Lys residue of the DK motif is green. The
asterisks mark the second Trp residue of the WWDYG motif. seq, sequence.
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Structure 21PglB protein is identical to that in the C. lari PglB protein (Fig-
ure 2D). This is not surprising, given the high sequence identity
(52%) between the two Campylobacter PglBs, but it indicates
that the C-terminal globular domain is structurally independent
of the N-terminal transmembrane region. In accordance with
the superimposable conformation of the THL segment, no
obvious crystal contacts involving theWWDYGmotif are present
between neighboring molecules in both the A. fulgidus AglB-S2
and C. jejuni PglB crystals (Figures S1D and S1E). In the C. lari
PglB crystal, theWWDYGmotif is sequestered within the protein
molecule and does not contact the other molecules (Figures 1D
and S1F). Instead, the WWDYG motif interacts with a peptide
substrate, but the peptide binding does not induce any notable
conformational change in the C-terminal globular domain. In
summary, regardless of the sequence identities, the conforma-
tions of the THL segment in the three crystal structures, A. fulgi-
dus AglB-S2, C. jejuni PglB, and C. lari PglB, are identical, but
those in the other crystal structures, A. fulgidus AglB-S1, P. ho-
rikoshii AglB-L, and P. furiosus AglB-L, are different from one
another, due to the distortion by the crystal contact effects.
Taken together, these results indicated that the THL segment
has intrinsic structural plasticity. The superimposable confor-
mation most likely represents the resting state and peptide
substrate-bound conformations of the plastic THL segment of
the OST enzymes.
NMR Evidence for the Mobility of the THL Segment in
Solution
Although crystallographic plasticity is interpretable as flexibility
in a protein molecule, clear experimental evidence in a mono-
meric state in solution is necessary. For this purpose, we
prepared the 15N-labeled C-terminal domains of A. fulgidus
AglB-S1 and A. fulgidus AglB-S2 and measured their 1H-15N
HSQC spectra. We selected A. fulgidus AglB-S2 (161 residues
plus N-terminal His tag) for further NMR analyses. Most of the
main-chain 1H-15N cross-peaks in the HSQC spectrum were
assigned by standard triple-resonance experiments (Figure S2).
We then measured two 15N spin relaxation rates, R1 and R2, and
the heteronuclear 1H-15N nuclear Overhauser effects (NOEs) at
two static magnetic field strengths. The details of the measure-
ment and subsequent model-free analysis are described in the
Supplemental Experimental Procedures.
According to the Lipari-Szabo-type model-free formalism, the
dynamics of individual 15N spins in a protein can be separated
into the overall tumbling of a protein molecule and the internal
motions of each 1H-15N bond within a protein molecule (Lipari
and Szabo, 1982a, 1982b). The model-free analysis consists of
two steps: estimation of the rotational diffusion model for an(B) Superimposition of the A. fulgidus AglB-S2 and the A. fulgidus AglB-S1
structures. The rmsd is 1.93 A˚ over 149 aligned Ca atoms.
(C) Superimposition of the A. fulgidus AglB-S2 and the C. jejuni PglB struc-
tures. The rmsd is 2.03 A˚ over 133 aligned Ca atoms. The side chain of the Ile
residue of the MI motif in PglB is colored green. The other color codes and
markings are the same as in (A).
(D) Superimposition of the C. jejuni PglB and the C. lari PglB structures. The
rmsd is 1.15 A˚ over 258 aligned Ca atoms. The shaded circle indicates the
location of the Ser/Thr pocket, formed between the WWDYG motif and the MI
motif. The color codes and markings are the same as in (C).
See also Figure S1.
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Figure 3. 15N NMR Relaxation Data for the C-Terminal Globular
Domain of A. fulgidus AglB-S2
(A) The generalized order parameter (S2), the internal correlation time in the
picosecond-nanosecond timescale (te), and the chemical exchange contri-
bution (Rex), determined by the model-free analysis, are plotted as functions of
the residue number in the protein sequence. The bars are color coded ac-
cording to themodel selection: model 1 (S2), cyan; model 2 (S2, te), pink;model
3 (S2, Rex), blue; and model 4 (S
2, te, Rex), purple. The error bars represent the
SD of the parameters obtained from the Monte Carlo simulations.
(B) Distribution of the residues exhibiting conformational dynamics on the
microsecond-millisecond timescale (blue and purple, indicated by the Rex
term) and those having fast internal motion on the picosecond-nanosecond
timescale (pink and purple, indicated by the te term) on the structure of the
C-terminal globular domain of A. fulgidus AglB-S2. The residues in cyan are
Structure
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36 Structure 21, 32–41, January 8, 2013 ª2013 Elsevier Ltd All rightsentire protein molecule, and selection of a motional model for
each 15N spin (Palmer, 1997). The overall rotational tumbling is
described by the effective correlation time, tm. We adopted an
axially symmetric diffusion model for the rotational tumbling of
the A. fulgidus AglB-S2 molecule, based on the results of the
statistical test by the program quadric_diffusion (Table S1). The
tm value calculated from the crystal structure (11.6 ns) was in
good agreement with that obtained in the model-free analysis
(12.1 ns), indicating the monomeric state of the A. fulgidus
AglB-S2 molecule in solution, at the concentrations used in the
NMR experiments. In the treatment of internal local motions,
the square of the generalized order parameter (S2) and the
effective correlation time for the internal motion (te) characterize
the amplitude and the timescale of internal motion for each
15N spin in the picosecond to nanosecond timescale, respec-
tively. The chemical exchange-induced relaxation rate (Rex) is
a phenomenological term to account for the contribution of
conformational dynamics in the microsecond to millisecond
timescale to the R2 term. Local motional models for
1H-15N
bonds were selected on a statistical basis (Mandel et al.,
1995): model 1 (S2), model 2 (S2, te), model 3 (S
2,Rex), andmodel
4 (S2, te, Rex), in which the terms required to account for the
motions are listed in parentheses. Among the 157 nonproline
residues of A. fulgidus AglB-S2, 96 residues were assigned to
model 1, 20 residues to model 2, 10 residues to model 3, and
4 residues to model 4. Two residues, Gly472 and Val483, could
not be fit to any model. The remaining 25 residues were not
used due to missing or overlapping of cross-peaks in the
spectra. The plots of S2, te, and Rex as a function of residue
number are shown in Figure 3A, and the residues are colored
according to the selected models on the crystal structure in
Figure 3B.
For the majority of the residues in the structure, the near-unity
S2 values indicated that their 1H-15N bond vectors are firmly fixed
on the A. fulgidus AglB-S2 structural framework (cyan in Fig-
ure 3B). This means that the A. fulgidus AglB-S2 molecule
behaves as a rigid body in solution. Some residues, mainly in
the loop regions, exhibit fast internal motion with motional corre-
lation times on the order of picosecond-nanosecond, as re-
vealed by the necessity of the te term for the description of their
dynamic properties (pink and purple in Figure 3B). Other resi-
dues on the turn and a-helical regions in the THL segment
have slow conformational transitions on the microsecond-milli-
second timescale, as shown by the necessity of the Rex term
(blue and purple in Figure 3B). The majority of these residueslocated in rigid regions within the protein molecule, and their S2 values close to
1.0 indicate the fixation of the N-H bond to the molecule. The oval shape
indicates the mobile region on the kinked helix, even though this region
showed little conformational plasticity among the crystal structures.
(C) Distribution of the residues fitted to the two-site fast exchangemodel (blue)
in the R2 relaxation dispersion analysis on the A. fulgidus AglB-S2 structure.
The residues in cyan were fitted to the no-exchange model. There is no
information for the residues in gray in (B) and (C).
(D) Superposition of the CC structural unit in the five crystal structures of the
C-terminal globular domains of the AglB/PglB proteins (A. fulgidus AglB-S1, A.
fulgidus AglB-S2, C. jejuni PglB, P. furiosus AglB-L, and P. horikoshii AglB-L).
The same color code is used as in Figure 2. The overall structure of the A.
fulgidus AglB-S2 was overlaid in pale cyan, as a visual aid.
See also Figure S2.
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Figure 4. Effects of the Flexibility Restriction in the C-Terminal
Domain of P. furiosus AglB-L on the OST Activity
(A) Schematic diagram of the crystal structure of the full-length C. lari PglB
(PDB, 3RCE). Magenta sticks represent the position of the engineered disulfide
bond. The color of the a helices is the same as in Figure 2. The two shaded
circles indicate the position of the +2 Ser/Thr pocket in the C-terminal globular
domain and that of the catalytic center in the N-terminal transmembrane
region.
(B) Multiple sequence alignment and the cysteine mutations for linking the two
a helices. The positions of the mutations to cysteine residues in P. furiosus
AglB-L were determined by a sequence alignment, with C. lari PglB as the
template.
(C) SpecificOST activities of the double cysteinemutants ofP. furiosus AglB-L,
with full formation and without formation of the engineered disulfide bond. The
specific OST activities of the wild-type (WT) and the single cysteine mutant are
also shown, as controls. The error bars represent the mean ± SD calculated
from three independent protein quantifications, three independent OST
assays, and three independent disulfide bond content determinations. Data
compared to the wild-type were assessed using an unpaired two-tailed t test,
assuming unequal variance. p Values were 0.0074 and 0.0024 for the L495C/
S521C and L495C/L522C mutants, respectively.
See also Figures S3 and S4.
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compared to the crystal structures, these Rex residues are excel-
lently coincident with the plastic THL segment (Figure 3D), which
demonstrates the correctness of the interpretation of the confor-
mational plasticity in crystals as a sign of flexibility.
Estimation of the Timescale of the Protein Fluctuation
15N R2 relaxation dispersion measurements provide information
about the timescales of the dynamic fluctuations of proteins (Lo-
ria et al., 1999). The R2
eff dispersion profiles of 132 cross-peaks
were fitted to model 1 (no exchange) or model 2 (two-site fast
exchange) using the program NESSY (Bieri and Gooley, 2011).
A total of 24 residues were selected as model 2 and mapped
on the A. fulgidus AglB-S2 structure (Figure 3C). The distribution
of the model 2 residues in the relaxation dispersion is consistent
with that obtained by the model-free analysis (Figure 3B). It was
assumed that the motion in the plastic region was concerted,
and the 15N spins in the plastic region may experience the
same exchange of states. From the 24 residues, 7 residues
within the THL segment and the kinked helix were simulta-
neously fitted to model 2, to obtain a single exchange constant
of 1,834 ± 88 s1.
Design of Conformationally Restricted Mutants Using
a Disulfide Bond
To assess the contribution of the dynamic nature to the enzy-
matic activity, we investigated the effects of a conformational
restriction in the C-terminal domain on the OST activity. With
reference to the crystal structure of the full-length C. lari PglB
(Lizak et al., 2011), we searched for an appropriate location for
a disulfide crosslink that could restrict the flexibility in the
C-terminal domain (Figure 4A). The engineered disulfide bond
must be carefully designed to avoid direct interference with
the enzymatic activity. We placed the disulfide bond at a site
distant from both the catalytic site in the transmembrane region
and the Ser/Thr pocket in the C-terminal domain. For efficient
conformational restriction, the disulfide bond should connect
two rigid structures, such as a helices. With these consider-
ations, we selected the positions of two cysteines: one (L447)
in the most N-terminal a helix in the C-terminal globular
domain, and the other (Y473 or S474) in the a helix in the THL
segment (Figures 4A and 4B). In the crystal structures ofC. jejuni
PglB and C. lari PglB, the side chains at the two candidate
positions are close enough to form a disulfide bond (Figure S3A).
In this study, we chose P. furiosus AglB-L for the generation of
conformationally restricted mutants because we have inten-
sively studied the P. furiosus enzyme structurally and enzymat-
ically (Igura and Kohda, 2011; Igura et al., 2007, 2008). We also
considered the extreme stability of the protein from the hyper-
thermophilic organism. Although the THL segment in the
P. furiosus AglB-L crystal structure was distorted by the crystal
contact effects (Figure S3B), the design of the engineered
disulfide bond can be transferred from the Campylobacter
sequences to the Pyrococcus sequence through the sequence
alignment (Figure 4B).
Conformationally Restricted AglB Is Inactive
We constructed two double cysteine mutants (L495C/S521C
and L495C/L522C) of the full-length P. furiosus AglB-L protein.Structure 21As a negative control, a single cysteine mutant (L495C) was
also generated. The wild-type and three mutants were ex-
pressed in E. colimembrane fractions and were partially purified
by Ni-affinity resin after solubilization in the presence of 1%
n-dodecyl-b-D-maltopyranoside. The protein amount was, 32–41, January 8, 2013 ª2013 Elsevier Ltd All rights reserved 37
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fluorescently labeled secondary antibodies (Figure S4A). The
OST activity was measured by the PAGE method (Kohda et al.,
2007) (Figure S4B). The percentage of disulfide bond formation
was estimated by counting the number of sulfhydryl groups,
using theMal-PEG alkylationmethod (Makmura et al., 2001) (Fig-
ure S4C). The chemical modification of a sulfhydryl group with
maleimide-polyethylene glycol (MW = 2,000 Da) causes the
mobility shift of proteins in SDS-PAGE. We found that the two
cysteine residues formed a disulfide bond in approximately
75% (78.5% ± 1.5% for L495C/S521C, 74.5% ± 0.5% for
L495C/L522C) of the double cysteine mutants. After an incuba-
tion with a reducing agent, dithiothreitol (DTT), the percentage of
disulfide bond formation decreased to approximately 15%
(15.1% ± 0.8% for L495C/S521C, 17.2% ± 5.0% for L495C/
L522C). The formation and cleavage of the engineered disulfide
bond were not perfect, but they allowed a quantitative investiga-
tion of the effects of the disulfide crosslink on the P. furiosus
AglB-L mutant activity.
We determined the specific activity of the double cysteine
mutants, as well as the wild-type and the single cysteine mutant
(Figure 4C). The P. furiosus AglB-L mutants bearing the engi-
neered disulfide bond (orange bars) had virtually no activity,
whereas the same mutants without the disulfide crosslink (blue
bars) had completely restored activity. This was evident even
before the correction of the disulfide bond formation percentage
(Figure S4D) but was almost perfect after the correction (Figure
4C). This conclusion is not absolutely dependent on the partic-
ular design of the engineered disulfide bond because two
different disulfide bonds, C495-C521 and C495-C522, provided
the same results. The full recovery of activity under reducing
conditions clearly demonstrates that the cysteine substitution
is not relevant, and the disulfide bond crosslinking is solely
responsible for the inactivation effect. For confirmation, the
wild-type and the single cysteine mutant displayed full activity
under both redox conditions.
DISCUSSION
It is now widely accepted that the dynamics of proteins con-
tribute to their various functions, including enzyme catalysis
(Daniel et al., 2003). They cover timescales ranging from 1015
to >1 s. Of particular interest is the global dynamics of a protein
molecule because such collective motions of large regions
within a protein molecule are often required for substrate
binding, catalytic conversion, product release, and enzymatic
activity control. A polypeptide chain is intrinsically flexible, but
in a native protein structure, it is folded and densely packed.
Thus, collective motions involving many amino acid residues
are inevitably slow on the microsecond to millisecond timescale,
which is close to the timescales of enzyme reactions (Agarwal,
2005). Although many experimental techniques have been
used, the analyses of such collective, large movements in
a protein are not always straightforward. Protein crystallography
provides direct evidence for conformational changes by
comparing structures in the presence and absence of ligands,
but it does not reveal minor, transiently formed conformations.
The present study offers a unique means for the detection of
collective large motions in the C-terminal globular domain of38 Structure 21, 32–41, January 8, 2013 ª2013 Elsevier Ltd All rightsthe OST enzymes by crystallography and their verification by
solution NMR.
We performedmultiple comparisons of orthologous structures
from different organisms and paralogous structures within an
organism. The six structures of the C-terminal globular domains
of the AglB/PglB proteins (Igura et al., 2008; Lizak et al., 2011;
Maita et al., 2010; Matsumoto et al., 2012), including the two
structures in this study, share sequence identities ranging from
20% to 70%. The common structure is the approximately 150-
residue structural unit called CC. The presence of significant
local conformational differences in the CC structural unit, regard-
less of the sequence identities, was totally unexpected (Figure 2).
The conformationally variable segment consists of three consec-
utive structural elements, turn-a helix-loop, and is referred to as
the THL segment. Conformational variations due to crystal
packing effects are a common phenomenon: some portions of
a protein, such as the N and C termini and long loops, often
show conformational polymorphisms in crystals. However, we
focused on the local structural plasticity because the THL seg-
ment contains the highly conservedWWDYGmotif. Thus, we ex-
pected the conformational plasticity to be relevant to the enzyme
functions.
We performed NMR analyses to assess the flexibility of the
plastic region in the C-terminal globular domain of A. fulgidus
AglB-S2. The model-free analysis generated an appropriate
motional model for each 1H-15N bond. In this study, the residues
of interest are those that contain the Rex term; i.e., model 3 and
model 4 (colored blue and purple in Figures 3A and 3B). The
necessity of the Rex term to describe the
15N spin relaxation sug-
gested that the conformational exchange process occurs on the
microsecond-millisecond timescale. The majority of these resi-
dues are located in the THL segment. In addition, the residues
with Rex terms are located on the kinked helix close to the
WWDYG motif, although the kinked helix showed little plasticity
in the crystals. This suggested that part of the kinked helix is in
concerted motion with the THL segment in solution. Importantly,
the interface between the WWDYG motif and the kinked helix
forms the +2 Ser/Thr-binding pocket (Figure 1D). The relaxa-
tion dispersion analysis suggested that the timescale of the
dynamics of the Ser/Thr-binding pocket was about 0.5 ms (Fig-
ure 3C). Because many biochemical events occur on this time-
scale, the involvement of the conformational fluctuation in the
OST activity is quite conceivable.
To test this hypothesis, we restricted the mobility in the
C-terminal globular domain of the full-length P. furiosus AglB-
L. Disulfide bond-mediated stiffening was previously used to
lock the intramolecular conformations, as well as the inter-
domain or intersubunit spatial arrangements of proteins (Gill
et al., 2009; Horan and Noller, 2007; Palle et al., 2008; Peske
et al., 2000). We designed double cysteine mutations to incorpo-
rate a disulfide bond in the C-terminal globular domain. Impor-
tantly, the resting state can bind a substrate peptide without
conformational changes, as revealed by the indistinguishable
structures between C. jejuni PglB in the apo form and C. lari
PglB in the complex state with a substrate peptide. Thus, it
would be reasonable to assume that the disulfide crosslink that
locked the structure in the resting state does not affect the
OST activity, if the conformational fluctuations of the THL seg-
ment are not relevant to the catalytic activity. However, wereserved
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AglB was abolished in the presence of the disulfide bond (Fig-
ure 4C). This inhibitory effect is completely reversible upon disul-
fide bond cleavage, confirming that the effects are due to the
crosslinking. These results clearly indicated that the single
resting state conformation is not sufficient, and another confor-
mation must be involved in the catalytic reaction. Considering
that the mobile region contains the Ser/Thr pocket, this pocket
must transiently collapse during the catalytic cycle.
The report on the C. lari PglB crystal structure suggested
that the binding of the +2 Ser/Thr residues in the glycosylation
sequon to the Ser/Thr-binding pocket is a prerequisite for
the proper spatial positioning of the acceptor Asn side chain
in the same sequon into a narrow ‘‘porthole’’ of the PglB
protein (Gilmore, 2011). This enables simultaneous interactions
between the side-chain amido group and the two side-chain
carboxy groups (Figure 1D), and its precise coordination geom-
etry forces the rotation of the C-N bond of the side-chain
amido group, leading to the amide nitrogen activation (Lizak
et al., 2011). Because the C-terminal domain lacks the catalytic
acidic residues, we cannot test the hypothesis, but it is reason-
able to assume that the collapse of the Ser/Thr pocket imme-
diately disrupts the precise geometry necessary for the amide
nitrogen activation. The report on the C. lari PglB crystal struc-
ture also suggested a three-step catalytic cycle, involving the
conformational changes of the external loop 5 in the transmem-
brane region. Although the C-terminal globular domain of the
PglB protein was assumed to be static, their model is fully
compatible with the dynamic Ser/Thr pocket revealed in this
study.
Finally, what is the functional advantage provided to the OST
enzyme by the dynamic Ser/Thr pocket? We consider the
dynamic nature to be an essential feature for the OST enzymes
to scan for N-glycosylation sequons efficiently along nascent
polypeptide chains. The OST enzyme has evolved to search all
potential N-glycosylation sites, by recognizing the hydroxy
group-containing amino acid residues at the +2 position using
the Ser/Thr pocket and then releasing the N-glycan-modified se-
quons quickly to start the search for the next sequon. This prop-
erty is required to steadily glycosylate two neighboring sequons
along the polypeptide chain emerging from a translocon in the
membranes, while coupled with ribosomal protein synthesis.
The eubacterial C. jejuni PglB was shown to primarily work as
a posttranslational modification enzyme (Kowarik et al., 2006a).
Thus, although the basic catalytic mechanism is probably con-
served in all of the OST enzymes, the sequon recognition mech-
anism might not be the same. In fact, the C. jejuni sequon was
extended to Asp/Glu-X1-Asn-X-Ser/Thr, where both X1 and
X are any amino acid except for proline (Chen et al., 2007;
Kowarik et al., 2006b). A conserved arginine residue in the trans-
membrane region, R331 in the C. lari PglB structure and the cor-
responding R328 in C. jejuni PglB, interacts with the acidic
residue at the 2 position (Lizak et al., 2011); thus, PglB might
have more static sequon recognition.
In conclusion, we have demonstrated that comparative struc-
tural biology is a fruitful approach for analyzing the structural and
dynamic relationships of proteins. The structural comparison of
the closely and distantly related AglB and PglB proteins provided
the unexpected discovery of the mobile region in the C-terminalStructure 21globular domain. The comparative structural approach is also
useful for the selection of the most suitable protein for certain
purposes: the smallest AglBwas selected for the NMR relaxation
study, and the thermostable AglB was suitable for the custom-
designed mutagenesis study, which required high protein
stability to tolerate the boldly designed mutations.
EXPERIMENTAL PROCEDURES
DNA Constructs and Protein Preparations
The DNA encoding P. horikoshii AglB (P. horikoshii AglB-L, O74088_PYRHO),
codon optimized for E. coli expression, was synthesized and cloned into the
pUC57 plasmid byGenScript (Piscataway, NJ, USA). The PCR product encod-
ing the C-terminal domain (residues 482–976) was subcloned between the
NdeI and SalI sites of pET-41b(+) (Novagen), for expression with a C-terminal
His10 tag. The transformed E. coli BL21(DE3) Gold cells (Novagen) were grown
at 310 K in LB medium supplemented with 30 mg/l kanamycin. When the A600
reached 0.5, isopropyl-1-thio-b-D-thiogalactopyranoside was added to a final
concentration of 0.5 mM. After 4 hr induction, the cells were harvested by
centrifugation. The cell pellets were suspended in buffer A (50 mM Tris-HCl
[pH 8.0], 150 mM NaCl) and disrupted by sonication. The inclusion body pellet
was collected by centrifugation, washed with Triton X-100 (Igura et al., 2007),
and dissolved in buffer B (buffer A plus 10 mM imidazole and 8 M urea). After
removing the precipitate by centrifugation, the supernatant wasmixed with Ni-
Sepharose resin (QIAGEN). The protein was eluted from the resin with 300 mM
imidazole in the presence of 8 M urea and directly loaded onto a Superdex
HiLoad 26/60 column (GE Healthcare), pre-equilibrated with buffer C (50 mM
MES-NaOH [pH 6.5], 150 mM NaCl, 2 mM DTT). The protein was refolded in
the gel filtration column. The eluted protein was concentrated using an Amicon
Ultra-15 filter (Millipore) to 10 mg/ml in 20 mM MES-NaOH (pH 6.5), for
crystallization.
The DNA sequence of the C-terminal domain (residues 433–593) of A. fulgi-
dus AglB (A. fulgidus AglB-S2, O30195_ARCFU, AF_0040) was amplified by
PCR from genomic DNA (NBRC 100126G; NITE Biological Resource Center,
Japan). For crystallization, the PCR product was cloned into pET-41b(+)
between the NdeI and SalI sites for expression without a tag. The transformed
E. coli BL21(DE3) cells were grown at 310 K in selenomethionine core medium
(Wako), supplemented with 50 mg/l L-selenomethionine and 30 mg/l kana-
mycin. After induction, the cells were harvested and disrupted as above. The
recombinant protein was recovered in the supernatant, and purified by chro-
matography on SP-Sepharose and Resource S columns (GE Healthcare),
and then on a Superdex75 column (GE Healthcare), pre-equilibrated with
buffer D (50 mM MES-NaOH [pH 5.5], 150 mM NaCl, 2 mM DTT). The protein
was concentrated to 10 mg/ml in 20 mM MES-NaOH (pH 5.5). For the NMR
study, the DNA encoding the C-terminal domain of A. fulgidus AglB-S2 was
subcloned into pET-47b(+) between the SmalI and SalI sites, for expression
with an N-terminal His6 tag. The transformed E. coli cells were grown in
M9 minimal medium containing 1 g/l 15NH4Cl (Isotec) and 2 g/l [U-
13C]glucose
(Isotec). The protein was expressed overnight at 293 K and purified by chroma-
tography on Ni-Sepharose, Superdex75, and Resource S columns. The pro-
tein was concentrated in 20 mM MOPS-NaOH (pH 7.0), 50 mM NaCl, and
2 mM DTT to a final concentration of 15 mg/ml.
Crystallization and Structure Determination
The C-terminal domain of P. horikoshii AglB-L was crystallized in 0.1M bis-Tris
propane-HCl (pH 7.5), containing 0.2M sodium citrate and 15%w/v PEG3350,
at 293 K in hanging drops within 4 days. The C-terminal domain of A. fulgidus
AglB-S2 was crystallized in 0.1MMES-NaOH (pH 6.0), containing 0.1MMgCl2
and 10% w/v PEG3350, at 293 K in hanging drops within 1 day. Crystals were
soaked in the reservoir solutions containing 20% glycerol for P. horikoshii
AglB-L and 20% ethylene glycol for A. fulgidus AglB-S2, for cryoprotection.
Structure determination was performed by the molecular replacement
method, as described in the Supplemental Experimental Procedures. Data
collection, phasing, and refinement statistics are summarized in Table 1. Py-
MOL version 1.3 was used for graphic presentation (Schro¨dinger). Structural
superposition was performed by the program GASH (Standley et al., 2005).
The multiple sequence alignment was performed with the program MAFFT, 32–41, January 8, 2013 ª2013 Elsevier Ltd All rights reserved 39
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the arithmetic mean sequence length as the denominator (May, 2004).
NMR Spectroscopy
The NMR sample comprised 0.3–1 mM of either 15N-labeled or 13C, 15N-
labeled A. fulgidus AglB-S2 protein in 90% 1H2O/10%
2H2O, containing
20 mM MOPS-NaOH (pH 7.0), 50 mM NaCl, and 2 mM DTT. A standard set
of triple-resonance NMR spectra was recorded at 308 K on a Bruker
Avance600 spectrometer equippedwith a TXI cryoprobe. Spectral assignment
of the backbone signals was performed using the program Sparky (T.D.
Goddard and D.G. Kneller, SPARKY 3, University of California, San Francisco).
Spectra for 15N R1,
15N R2, and heteronuclear
1H-15N NOE values were
acquired at 308 K on Bruker Avance600 and Avance700 spectrometers.
The model-free analysis was performed with the program Modelfree-4.16
(Mandel et al., 1995) implemented in Fast-Modelfree (Cole and Loria,
2003). 15N R2 relaxation dispersion measurement was performed on Bruker
Avance600 using the constant-time CPMG pulse train (Tollinger et al., 2001),
and the R2 dispersion profiles were analyzed using the program NESSY (Bieri
and Gooley, 2011). The details are available in the Supplemental Experimental
Procedures.
Preparation of Disulfide-Stiffened AglB and OST Assay
The full-length P. furiosus AglB-L mutants containing an engineered disulfide
bond were generated using a KOD mutagenesis kit (Toyobo). The C-terminal
His-tagged mutants in the E. coli membrane fractions were partially purified
using a Ni-Sepharose column, in the same manner as the wild-type (Igura
and Kohda, 2011). All buffer solutions used for the purification were pH 7.2
and did not contain any reducing reagents, to facilitate the disulfide bond
formation. The determination of the protein amount and the OST assay were
performed as described (Igura and Kohda, 2011; Matsumoto et al., 2012),
except for the following minor modifications. Under the conditions to maintain
the engineered disulfide bond, the proteins were preincubated without DTT for
1 hr at 310 K, and the assay reaction mixture lacked DTT. Under the conditions
to cleave the disulfide bond, the proteins were incubated with 5 mM DTT for
1 hr at 310 K, and the reaction mixture contained 2 mM DTT. The number of
sulfhydryl groups was determined by the maleimide-conjugated polyethylene
glycol (Mal-PEG) alkylation method (Makmura et al., 2001). Proteins were TCA
precipitated, washed with acetone, and dissolved in 100mMTris-HCl (pH 7.5),
1%SDS, and 1mMMal-PEG (NOF). AlkylatedP. furiosusAglB-L proteins were
resolved by SDS-PAGE and visualized by western blotting with anti-His tag
antibodies.
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